C]2-DG previously developed for application in the rat were specially adapted for use in the mouse. The method yields indexes of cardiac FFA utilization (Rf*) and clearance (Kf*), as well as glucose utilization (Rg Ј ). Finally, in the main part of the study, the ability of the heart to switch between FFA and glucose fuels (metabolic flexibility) was investigated by studying anesthetized, 8-h-fasted control and db/db mice in either the basal state or during glucose infusion. In control mice, glucose infusion raised plasma levels of glucose and insulin, raised Rg Ј (ϩ58%), and lowered plasma FFA level (Ϫ48%), Kf * (Ϫ45%), and Rf * (Ϫ70%). This apparent reciprocal regulation of glucose and FFA utilization by control hearts illustrates metabolic flexibility for substrate use. By contrast, in the db/db mice, glucose infusion raised glucose levels with no apparent influence on cardiac FFA or glucose utilization. In conclusion, tracer methodology for assessing in vivo tissue-specific plasma FFA and glucose utilization has been adapted for use in mice and reveals a profound loss of metabolic flexibility in the diabetic db/db heart, suggesting a fixed level of FFA oxidation in fasted and glucoseinfused states. fatty acid; glucose; metabolic flexibility; bromopalmitate tracer; deoxyglucose tracer THE HEART CAN METABOLIZE exogenous substrates such as glucose and free fatty acids (FFA) to provide ATP. FFA is generally considered to be the preferred myocardial substrate, with FFA oxidation accounting for 60 -70% of cardiac energy metabolism (32, 48) .
THE HEART CAN METABOLIZE exogenous substrates such as glucose and free fatty acids (FFA) to provide ATP. FFA is generally considered to be the preferred myocardial substrate, with FFA oxidation accounting for 60 -70% of cardiac energy metabolism (32, 48) .
Diabetes results in enhanced cardiac disease due to 1) increased coronary heart disease (accelerated atherogenesis) and 2) a cardiomyopathy, defined as ventricular dysfunction in the absence of detectable coronary heart disease or hypertension (13, 38) . Because rodents are resistant to atherosclerosis, any cardiac dysfunction observed with a rodent model of diabetes will reflect diabetic cardiomyopathy.
Diabetic db/db mice provide a monogenic model of obesity and insulin resistance, characteristics of type 2 diabetes (10, 26) . Perfused db/db hearts, studied ex vivo, exhibit features of a diabetic cardiomyopathy, with reduced cardiac contractile function and altered myocardial metabolism (38) . An elevated rate of FFA oxidation is the earliest metabolic change evident in hearts from 6-wk db/db mice, preceding any change in glucose oxidation or contractile function (1) . At 12 wk of age (at an established stage of diabetes), db/db hearts are characterized as having increased FFA oxidation together with decreased glucose utilization, reduced contractile performance, and increased susceptibility to ischemic damage (1, 3) .
The metabolic alterations in diabetic hearts may have functional implications in terms of contractile performance (38) , an example of a metabolic maladaptation (45, 51) . For example, the overutilization of FFA by db/db hearts with intracellular lipid accumulation (7) could cause contractile dysfunction as a consequence of lipotoxicity (39) . In support of this hypothesis, normalization of glucose and FFA metabolism in hearts from transgenic db/db mice overexpressing the insulin-regulatable glucose transporter (GLUT4) was associated with complete normalization of cardiac contractile function (3) .
However, it must be acknowledged that the experimental evidence for enhanced cardiac FFA utilization in diabetic mice has come exclusively from ex vivo studies with perfusions containing only two substrates, glucose and an FFA (usually palmitate) present at typical (nondiabetic) concentrations. Thus it is reasonable to anticipate that the metabolic phenotype of a diabetic heart might be altered markedly by elevated concentrations of glucose and FFA that correspond to hyperglycemic and hyperlipidemic conditions in vivo. In addition, a number of other substrates in vivo are available for myocardial utilization. For example, both lactate and pyruvate can make important contributions to total carbohydrate oxidation by perfused hearts (27) . Furthermore, the utilization of ketone bodies by diabetic hearts could suppress FFA oxidation (21) . Finally, insulin present in vivo at elevated concentrations (hyperinsulinemia) in db/db mice could also influence myocardial metabolism, depending on the degree of cardiac insulin sensitivity. Metabolic flexibility refers to the ability of an organ and organism to shift substrate utilization as part of homeostatic adaptability (44) . For example, metabolically healthy hearts have a welldeveloped capacity to switch between lipid and carbohydrate fuels, depending on insulin levels and substrate availability in the circulation. Therefore, it is essential to investigate FFA metabolism in vivo to assess metabolic flexibility and to substantiate the conclusion from ex vivo perfusions that FFA utilization is enhanced in diabetic hearts (7) .
FFA metabolism can be studied in vivo on the basis of the principle of metabolic trapping by use of infusions of trace amounts of (R) (33, 34) . However, these tracer methods have not been optimized for use in the mouse. Moreover, the detailed quantitative relationship between [ 3 H]R-BrP and native FFA uptake by the heart is unknown. Such information may be obtained from an experimental system in which [ 3 H]R-BrP utilization can be studied simultaneously with native FFA traced with radiolabeled palmitate ([ 14 C]P). Therefore, the objectives of the present investigation were 1) to assess quantitatively the metabolism of [ 3 
H]R-BrP and [
14 C]P simultaneously, using ex vivo perfused hearts from control mice; 2) adapt the in vivo tracer method developed in the rat (33, 34) to mice to assess cardiac metabolism; and 3) compare in vivo FFA and glucose metabolism by control (db/ϩ) and diabetic (db/db) hearts, with particular attention to the assessment of metabolic flexibility in the diabetic hearts.
METHODS AND MATERIALS

General Overview
First, ex vivo experiments were performed to examine the quantitative nature of the relationship between [ 3 H]R-BrP and native FFA ([ 14 C]P) uptake and metabolism by the mouse heart. For this purpose, an isolated working heart system was employed. Conditions were varied by pharmacological and physiological means between individual ex vivo heart perfusion experiments to produce a range in FFA metabolism over which to compare the analog and native tracers. Then, two separate in vivo studies were performed after adaptation of methods to the very small size of the mouse. In vivo study 1 Animals. Male control C57BL/KsJ (db/ϩ) mice (15-17 wk) were purchased from Harlan (UK). The animals were housed in a room with controlled temperature (20 -22°C) and relative humidity (40 -60%) with a 12:12-h light-dark cycle. Mice had free access to tap water and standard rodent chow.
Perfused working heart preparation. Hearts from control male (db/ϩ) mice were perfused essentially according to procedures detailed in Ref. 4 . Briefly, after cannulation of the aorta (using an 18-gauge plastic cannula), the left atrium was cannulated with a 16-gauge steel cannula. Tracer studies were performed in spontaneously beating hearts in working mode, with a filling pressure (preload) of 12.5 mmHg and the left ventricle ejecting against an afterload of 55 mmHg. Hearts were perfused in a recirculating system (total volume 35 ml) with a modified Krebs-Henseleit bicarbonate buffer (37°C, gassed with 5% CO 2-95% O2, pH 7.4; for ionic composition see Ref.
4) with either 5 or 11 mM glucose, as well as 0.6 mM palmitate bound to 3% bovine serum albumin (BSA, fraction V, A-8022; Sigma). The heart and buffer system is enclosed in an airtight apparatus with an injection port providing access to the perfusion buffer for withdrawal of samples or tracer delivery. Gases exit the system only by bubbling through a hyamine hydroxide (1 M) solution, which quantitatively traps all of the contained CO 2. Cardiac function was monitored by measuring aortic flow and coronary flow as well as heart rate, as previously described (4) .
Perfusion conditions for individual experiments. Perfusion conditions were varied across individual experiments to generate a range in cardiac FFA metabolism for correlations between [ 3 H]R-BrP and [ 14 C]P uptake and metabolism (Table 1) . Compared with standard conditions (here defined as condition Norm), a low buffer glucose concentration (LoGlu) and increased mechanical work (LoGluHiWork), achieved by modest increases in preload (from 12.5 to 17.5 mmHg) and afterload (from 55 to 75 mmHg), were used with the intention of elevating FFA oxidation. By contrast, two concentrations of insulin in the buffer (LoIns and HiIns) were employed with the intention of suppressing FFA oxidation and stimulating acylglyceride synthesis. One additional perfusion experiment (PoorFunct) was performed opportunistically using a heart with markedly impaired function, with coronary flow and cardiac output ϳ30% of the other perfused hearts.
Preparation of tracer. Organic solvent stock solutions of [ 3 H]RBrP and [
14 C]P were evaporated to dryness (N2, room temperature) in a glass test tube, unlabeled perfusate was added to the tube, and the solution was gently mixed and warmed over a period of Ն1 h. By use of this method, ϳ60% of the radioactivity dried onto the glass surface of the test tube is recovered into bulk solution in the perfusate.
Tracer experiment. Immediately before tracer administration, baseline samples of buffer and the hyamine hydroxide CO 2 trap were collected. The tracer experiment commenced with injection of 2.5 ml of perfusate, containing ϳ10 ϫ10 6 dpm [ 3 H]R-BrP and ϳ5 ϫ10 6 dpm [ 14 C]P, into the apparatus injection port. After 10 -11 min, samples of the buffer (2.5 ml) and the CO2 trap (2 ϫ 0.35 ml) were collected. The heart was then quickly switched to a tracer-free buffer solution for 30 s (to rinse out tracer contained within the cardiac vasculature), removed from the apparatus, and frozen in liquid N 2-cooled tongs. The buffer samples were used for determination of [ 14 Perfusate concentrations of glucose, free fatty acids (FFA), and insulin. n ϭ number of hearts studied under each condition. The LoGluHiWork heart was perfused with a preload of 17.5 mmHg and an afterload of 75 mmHg. All other perfusions were performed with a preload of 12.5 mmHg and an afterload of 55 mmHg. Cardiac function/work was assessed on the basis of the product of cardiac output and estimated peak systolic pressure (CO⅐P). One ϳ25-mg piece of the frozen heart was used to determine total 14 C and 3 H content by use of complete tissue oxidation (described below). A second piece of the heart (ϳ50 mg) was used for lipid extraction and class separation (described below).
Sample Analysis
In Vivo Studies
Animals. Experimental procedures were approved by the Local Ethics Review Committee on Animal Experiments (Göteborg Region). Male BKS.Cg-m-Lepr db /Lepr db diabetic (db/db) and nondiabetic heterozygous controls (db/ϩ) were purchased from Taconic Europe (Ry, Denmark) and housed for Ն1 wk before study in a room with controlled temperature (20 -22°C) and relative humidity (40 -60%) with a 12:12-h light-dark cycle. The mice had free access to tap water and standard rodent chow (R3; Lactamin, Stockholm, Sweden) and were 11-13 wk old at the time of study.
Animal preparation: method development. Methodology originally developed for the rat (34) had to be modified for the much smaller size of a mouse. In particular, derivation of useful flux information from the tracers is dependent on a means of accurately quantifying the area under the arterial plasma tracer curves (AUCs) over the 10-or 12-min experimental protocols (see below) while minimizing cardiovascular disturbances due to blood sampling. The method previously employed in the rat (34) , requiring multiple and frequent blood samples at discrete time points, was not considered optimal for use in the mouse. Instead, an approach based on a constant, slow withdrawal of arterial blood (6 l/min) from the carotid catheter was used. Preliminary experiments showed little if any impact of this blood withdrawal on heart rate or blood pressure if the withdrawal was matched by simultaneous infusion of 4% BSA in saline. The plasma tracer levels in the resulting single blood sample pooled over the 10-or 12-min periods are the true time-averaged levels, which can be used to directly calculate the AUCs (see Calculations). To enable the constant withdrawal of blood without influencing plasma FFA levels, whole body anticoagulation therapy was achieved using a direct-acting thrombin inhibitor (melagatran, AstraZeneca R&D, Mölndal, Sweden), administered intravenously as a bolus 3 min before commencement of the tracer infusion. We verified that this procedure has no influence on systemic blood pressure, heart rate, or plasma FFA concentration in the anesthetized mouse. Plasma tracer time course data following intravenous administration was obtained using a variant of the constant withdrawal method described above (Fig. 1) . Briefly, arterial blood was withdrawn at a constant rate into a length of PE50 tubing. Blood withdrawn over each minute was separated from the previously withdrawn ]RBrP (2-6 min), after tracer infusion start generates the in vivo plasma tracer profiles drawn. These profiles plot actual data obtained in pilot experiments in C57BL/6 mice. In vivo areas under the plasma tracer curves, needed for calculation of plasma glucose and FFA fluxes into the heart, were obtained from a single pooled sample (bottom) continuously withdrawn throughout the 12-min experiment. Plasma tracer concentrations in this pooled sample were equal to time-averaged plasma levels (indicated by horizontal dashed lines).
blood by introducing a small air bubble into the PE50 tubing, from an air-filled microsyringe via a T-connection, at the beginning of each minute. Plug flow, due to the presence of the air bubbles in the tubing, prevented the individual segments from mixing. At the end of the experiment, blood in each minute's segment was transferred into a small capillary tube and centrifuged, and the plasma was separated and analyzed for tracer content. On the basis of the data obtained in these preliminary experiments ( Fig. 1) , disappearance of the infused tracers from the plasma into the tissues by the time of heart collection at the end of the experiments should be Ͼ80% for [
14 C]2-DG and Ͼ95% for [
3 H]R-BrP and [ 14 C]P. Surgical preparation and catheter implantation. Mice were anesthetized with intraperitoneally administered Na-thiobutabarbitol (Inactin; RBI, Natick, MA); control and db/db mice received 150 g/g (3 l/g) and 225 g/g (4.5 l/g), respectively. Immediately after induction of anesthesia, mice were placed on a warmed table to prevent an otherwise rapid drop in body temperature. A 1.2-mm-diameter thermocouple probe was inserted 2.5 cm into the rectum for body temperature measurement, which was used to control a heating lamp to hold body temperature at 37°C. To maintain a free airway, a tracheotomy was performed just below the level of the larynx, and a 3-cm length of PE90 tubing (Becton-Dickinson, Stockholm, Sweden) was inserted ϳ5 mm into the trachea.
The left carotid artery and right jugular vein were catheterized with PE10 tubing. The carotid catheter was connected to a pressure transducer (model DPT-6100; Smiths Medical Sverige, Sollentuna, Sweden) and maintained patent with a continuous infusion of a sterile saline solution containing sodium citrate (20.6 mM, 3 l/min). Mean arterial pressure, heart rate, and rectal temperature were monitored and stored in a computer-based custom-made system.
To ensure a stable anesthetic depth, the barbiturate anesthesia was supplemented during the experiment with inhalation of isoflurane (Forene; Abbott Scandinavia, Solna, Sweden). This was achieved by passing an isoflurane-in-O2 stream over the tracheal cannula opening. Anesthetic depth was monitored by periodically testing for the presence of foot withdrawal, bradycardia, and blood pressure lowering in response to foot pinching. Anesthetic delivery was set to the minimal concentration of isoflurane required to abolish these reflexes (usually 2.0 -2.5% at steady state). The concentration of isoflurane, which has minimal cardiodepressive influence (28) , was adjusted using an anesthesia unit (Univentor 400; AgnTho's, Lidingö, Sweden).
Tracer Experiments
Preparation for tracer infusion and blood sampling. Approximately 90 min after completion of surgery, an intravenous bolus of the thrombin inhibitor melagatran (3 nmol/g, 1 l/g) was administered. A catheter line was connected to the jugular cannula having the following serially arranged components ( Fig. 1 ): a glass syringe in an infusion pump filled with 4% BSA in sterile normal saline, an air bubble, ϳ150 l of 4% BSA in sterile normal saline, and then tracer solution(s) in normal saline. The air bubble traveled steadily through the infusion line, thereby minimizing mixing of the serially arranged components but never reaching the jugular vein due to the length of the catheter. For withdrawal of the arterial blood sample, a 50-cm length of PE50 catheter, connected at one end to a glass syringe in a reversible syringe pump (CMA 1100; Carnegie Medicin, Solna, Sweden), was filled with melagatran in normal saline (100 M) and wound around an aluminum cylinder that was then placed in ice. The end of this catheter was connected to the carotid catheter via a T-junction. The other arm of the T-junction was connected to the pressure transducer. Just before commencement of tracer infusion and blood sample withdrawal, an air bubble was introduced via the pressure transducer arm into the sampling catheter just outside the carotid artery to minimize mixing of the withdrawn blood and subsequent dilution with saline.
Tracer infusion and blood and tissue sampling. The tracer experiment began at ϳ14:30, ϳ1.5 h after completion of surgery. Tracer infusion into the jugular vein (15 l/min) and blood sample withdrawal from the carotid artery (6 l/min) were commenced simultaneously. Infusion of 15 l/min tracer-free 4% BSA in sterile saline into the jugular vein continued until the end of the experiment. At either 10 min (in vivo study 1) or 12 min (in vivo study 2), withdrawal of the pooled arterial blood sample was stopped, the withdrawal line was disconnected, and ϳ200 l arterial blood were collected for clinical chemistry analyses. The heart was quickly removed for weighing and measurement of tracer retention (see Analysis of Plasma and Tissue Samples). The pooled blood sample contained in icechilled PE50 tubing was carefully transferred to an EDTA tube, centrifuged, and used to obtain the time-averaged plasma tracer concentrations. For this purpose, a 10-l plasma aliquot was placed directly into 2 ml of lipid extraction mixture (described below) and stored at Ϫ20°C for later analysis.
Glucose Infusion
In some animals (see below), a constant intravenous glucose infusion of 2.2 mol/min (2 l/min 20% glucose) was commenced ϳ45 min before commencement of the tracer experiment. The rate of glucose delivery was intended to be of physiological magnitude, sufficient to promote insulin secretion, and was comparable in magnitude to reported steady-state glucose infusion rates required to maintain euglycemia in anesthetized normal mice in response to hyperinsulinemia (16, 30, 37) .
In Vivo Study 1: Estimation of In Vivo Cardiac FFA Oxidation in Control Mice
Study conditions. Conditions were varied among individual control mice with the aim of creating a range of cardiac FFA oxidation from low to high rates: two mice were studied during an intravenous glucose infusion (Glucose), as described above; one was studied in the fed state (Fed) and two following a 7-h fast (Fasted); two mice were studied during inotropic/chronotropic stimulation (Dobutamine), achieved using an intravenous infusion of dobutamine ( C]P, was infused over a period of 0 -4 min. Blood sample withdrawal started at 0 min and stopped at 10 min, at which time a final blood sample was collected (for plasma glucose, insulin, and FFA determinations), and immediately after that the heart as well as other tissues were dissected for analysis (see below).
In Vivo Study 2: Cardiac Metabolism in Diabetic and Nondiabetic Mice
Groups. Four groups of 8-h-fasted mice were studied: two basal groups, db/db fasted and control fasted, and two groups that were studied during an intravenous glucose infusion, db/db-glucose and control-glucose.
Tracers. 3 H]R-BrP (over 2-6 min). Blood sample withdrawal ended at 12 min. A large blood sample (ϳ200 l) was collected for plasma glucose, insulin, triglyceride (TG), FFA, ketone body, and blood gas analyses. The heart was quickly dissected for analysis (see below). [9, 
Synthesis, Resolution, and Identification of Optical Enantiomers of
H]-2-Bromopalmitate
Racemic (R,S)-2-[9,10-3 H]bromopalmitic acid was synthesized from [9,10- 3 H]palmitic acid (1.96 TBq/mmol; Amersham) by a HellVolhard-Zelinsky reaction (20) , as previously described (34) . The pure (R)-and (S)-enantiomers were obtained by chromatographic resolution on a Chiralpak AD column (Chiral Technologies Europe, Illkirch Cedex, France) with 2% 2-propanol and 0.1% formic acid in acetonitrile (2) . The Chiralpak AD column shows high selectivity and resolution for the stereoisomers of [
3 H]R-BrP and allows much higher loadability of the racemate (mg/injection) onto the column than the method reported earlier (34) . Radiochemical detection was used for collection. Assignment of absolute configurations of the separated (R)-and (S)-enantiomers was accomplished by an enantioselective lipase-catalyzed esterification of racemic 2-[9, 10- 3 H]bromopalmitic acid with n-butanol in hexane (24) . After 65% conversion, the acid fraction was isolated, and HPLC analysis showed only one peak coinciding with the slower eluting enantiomer from the chiral column. The enantiomeric purity of the (R)-isomer was determined to be Ͼ99% e.e. with an optical rotation of ϩ25.7°(1% in CHCl 3, [␣] D 25 ). The (ϩ)-enantiomer has previously been assigned to have the Rconfiguration (22) . The radiochemical purity of 3 H-labeled material used to prepare the infusate (described below) was Ͼ95% [
3 H]R-BrP, as determined by HPLC. 3 H and 14 C activities were determined using a Packard System 387 Automated Sample Preparation Unit (Packard Instrument, Meriden, CT), which completely oxidizes the sample and separates 3 H2O and 14 CO2 into separate scintillation vials for counting. For lipid analysis, another piece of heart (ϳ50 mg) was used for lipid extraction and class separation using methods detailed in Ref. 19 . Briefly, heart tissue was extracted in chloroform-methanol (2:1), and organic and aqueous phases were then separated. An aliquot of the aqueous phase was used to determine clearance of radioactivity into the aqueous fraction. Lipid class separation was performed using thin-layer chromatography with quantification of radioactivity in free fatty acid (FFA), TG, monoglyceride (MG), diglyceride (DG), phospholipid (PL), and cholesterol ester (CE) fractions.
Analysis of Plasma and
Measurement of 3 H and 14 C activities. Sample 3 H and 14 C activities were measured using quench correction liquid scintillation spectrometry (Wallac 1409 counter; Wallac OY, Turku, Finland).
Calculations
Tracer data are expressed as fluxes using the general expression for the flux (Rfx) into a particular pathway product
where C P is the buffer/plasma FFA (or glucose) concentration, mfx is the radioactivity from the tracer that is cleared into pathway ϫ (expressed per unit heart weight), c f is the buffer/plasma concentration of tracer (expressed as radioactivity per unit volume), and T is the duration of cardiac exposure to buffer/plasma tracer. For ex vivo experiments, where tracer levels were effectively constant over the exposure period, the integral in the denominator of the above equation was calculated as c f ϫ T. Table 2 defines the flux parameters used to describe the ex vivo results. For in vivo experiments previously conducted in rats, this integral has been assessed by measuring tracer concentrations at multiple time points (requiring rapid collection of numerous blood samples), performing curve fitting and analytic integration using the best fit parameters (34) . The current continuous sample withdrawal method is theoretically more accurate and requires the analysis of only a single blood sample. For the calculation of R f*, our index of cardiac FFA utilization obtained using the [
3 H]R-BrP tracer, the integral in the denominator was calculated as c B ϫ T, where c B is the average [ 3 H]R-BrP over the 12-min experiment, equal to the pooled sample activity at the end of the experiment. An analogous expression was used for the calculation of R g Ј , the index of cardiac glucose utilization, from the pooled plasma [ 14 C]2-DG activity.
Statistics
Linear regression analysis of individual data points was performed using the program SPSS (SPSS, Chicago, IL). Group means were compared using the following a priori contrasts, which were tested on the basis of F-tests using SPSS: db/db fasted vs. control fasted; db/db-glucose vs. control-glucose; db/db fasted vs. db/db-glucose; Fig. 2A ] varied across a 15-fold range, from a low level in hearts exposed to insulin to a relatively high level in the heart without insulin and performing extra work. As shown in Fig. 2A , R fox(CO 2 ) was highly correlated with the flux of perfusate [
14 C]P into the aqueous extract of hearts (R aq , y-axis; Fig. 2A (Table 2) .
Results for the component of FFA uptake directed into nonoxidative metabolism are illustrated in Fig. 2B . R fs , on the x-axis, represents incorporation into all lipid classes (TG ϩ MG ϩ DG ϩ PL ϩ CE), and R ftg , on the y-axis, represents incorporation into TG only. Although the nonoxidative disposal had a similar order of magnitude compared with oxidative disposal (Fig. 2B x-axis; compare Fig. 2A x-axis) , a relatively narrower range of nonoxidative FFA metabolism resulted from the different perfusion conditions. Thus R fs varied over approximately a twofold range only. Among the various lipid classes, TG was by far the major fate of FFA taken up in all perfused hearts, with R ftg (y-axis, Fig. 2B ) accounting for an average of 87% of R fs . Results for other lipid classes (MG, DG, PL, and CE) are not presented due to their minor contribution to R fs . Figure 3 shows the main results of the ex vivo perfused heart study: the relationship between uptake of [ Fig. 3B ) there was no correlation with the storage component R fs (r 2 ϭ 0.05, P ϭ 0.52; Fig. 3C ). Because fluxes into oxidation and storage pathways were of similar magnitude, these results indicate that R f * much more closely reflects FFA oxidation than storage.
A significant correlation was observed between R f * and total FFA uptake (R f ), but this would be expected, since R fox is the major component of R f . However, the relationship between R f * and R f was weaker (Fig. 3A, r 2 ϭ 0.79) than that between R f * and R fox (Fig. 3B , r 2 ϭ 0.94), consistent with the notion that, in the heart, [
3 H]R-BrP traces FFA oxidation rather than total uptake.
We also investigated a multiple regression model for R f * with R fox and R fs as independent variables. The model r 2 essentially did not improve over that obtained with the simple regression of R f * against R fox (r 2 ϭ 0.94). Unlike R fox (P Ͻ 0.0001), neither R fs (P ϭ 0.64) nor the interaction term (P ϭ 0.85) contributed significantly to the prediction of R fs in the multiple regression model.
On the basis of all the results above, we conclude that variation in the R f * parameter primarily reflects variation in oxidative metabolism in the mouse heart; i.e., R f * provides an index of R fox .
In Vivo Study 1: Cardiac FFA Metabolism in Control Mice In Vivo
By analogy with the ex vivo study, conditions were varied between individual control mice studied (Table 3 ) with the intention of producing a wide range in cardiac FFA oxidation. Figure 4A plots the individual R f * vs. R fs results. Whereas R fs varied over a less than threefold range, R f * varied across an ϳ20-fold range from low levels in the hyperglycemic/ hyperinsulinemic mice to high levels during normoglycemia/ fasting insulin levels and chronotropic/inotropic stimulation with dobutamine (evidenced by the elevated CWI; Table 3 ). Absolute rates of FFA oxidation (R fox ) estimated by extrapolating the linear regression equation obtained from the ex vivo study (R f * ϭ 17.6 ϩ 0.29⅐R fox ) ranged from 3 to 1,017 nmol⅐ g Ϫ1 ⅐min Ϫ1 in the hyperglycemic/hyperinsulinemic and dobutamine groups, respectively. It should be noted that the R f * vs. R fs pattern observed for the heart was atypical. Thus, although the major focus of this study was the heart, we actually examined various tissues, including diaphragm, hindlimb muscles, adipose tissue, and liver. In all of these tissues, a strong positive correlation was observed between R f * and R fs , as illustrated in Fig. 4B for diaphragm, in complete contrast to the pattern observed for heart (Fig. 4B) .
To gauge the quantitative importance of R aq in the in vivo situation, R aq is plotted as a function of estimated R fox (Fig. 5) . For comparison, data from the ex vivo study are also included. The slope of the line relating R aq to R fox was much lower in vivo compared with ex vivo (0.022 Ϯ 0.013 vs. 0.44 Ϯ 0.02, respectively). This clearly suggests that, in contrast to the ex vivo situation, R aq is a minor fate in vivo.
In Vivo Study 2: Cardiac Metabolism in Diabetic and Nondiabetic Mice
Body weights, heart weights, and cardiovascular parameters in the four groups of 12-wk-old mice studied are presented in Results are means for n ϭ 1-2 mice studied in each group. Cardiac work index (CWI) is the product of mean arterial pressure (MAP) and heart rate (HR) divided by heart weight (mmHg⅐bpm⅐mg Ϫ1 ). Fig. 4 . In vivo tissue Rf* vs. Rfs in control mice. A: results for heart. B: results for diaphragm (Diap). Individual animals were subjected to different conditions: inotropic/chronotropic stimulation, applied in the fasting state, using constant iv dobutamine infusion (F), fasting state (E), fed state (ᮀ), and hyperglycemia/hyperinsulinemia achieved using iv glucose infusion (■). Table 4 . As expected, the diabetic (db/db) animals had greater body weights than their age-matched nondiabetic (db/ϩ) controls. Despite this large difference in body mass, heart weight was similar in the db/db compared with control mice. Glucose infusion had no apparent effect on the cardiovascular parameters, mean arterial blood pressure (MAP), or heart rate (HR) in either the control or the db/db mice. CWI, the product of HR and MAP divided by heart weight, was calculated as an index of cardiac work. A subtle (nonsignificant) tendency for both mean HR and MAP to be higher in the db/db groups resulted in a modestly elevated CWI in the diabetic compared with the nondiabetic mice.
Under the basal fasting condition, db/db mice exhibited hyperglycemia with a marked increase in plasma insulin (Table  5) , consistent with insulin resistance in this type 2 diabetic model. Other diabetic parameters in db/db mice included an elevation in ketone bodies (␤-HBA), although plasma TG levels were not elevated.
The main results of the study, indexes of in vivo rates of FFA and glucose utilization, are presented in Fig. 6 , together with the major determinants of these fuel utilization rates: 1) circulating fuel levels (glucose and FFA) and 2) the local ability of cardiac tissue to take up and utilize these fuels, tissue clearance, K f * (ϭ R f */plasma FFA concentration) and K g Ј (ϭ R g Ј /plasma glucose concentration). Plasma FFA and glucose levels can influence cardiac FFA and glucose utilization via simple mass action. In the basal fasting state, plasma FFA and glucose levels were much higher in the db/db than in control mice, by 138 and 409%, respectively (P Ͻ 0.05). To assess metabolic flexibility, glucose infusion (of substantial but physiological magnitude) was performed to create a pseudo-fed state to contrast with the basal fasting situation. In the nondiabetic animals, glucose infusion induced a clear metabolic response, including increased plasma glucose level (by 8.6 mM, P Ͻ 0.05), increased insulin secretion (Table 5) , and suppression of plasma FFA level (Fig. 6) . In contrast, a blunted response was apparent in the diabetic animals. Glucose infusion raised mean glucose levels in the glucose infused db/db group compared with the fasted db/db group by 7.6 mM (similar in magnitude to the glucose increment seen in the nondiabetic animals), although the interanimal variability in this parameter prevented this group difference from achieving statistical significance. There was no evidence of an increase in insulin secretion in response to glucose infusion (Table 5 ) and no significant effect on plasma FFA level in the db/db group (Fig. 6 ).
Cardiac utilization of plasma substrate is not just a function of the circulating substrate level but is also determined by local factors including the influence of metabolic mechanisms that control the substrate's uptake and sequestration. R f * and K f * data are presented in Fig. 6 . In the basal fasting state, despite the high circulating levels of FFA in the db/db mice, R f * in these animals was actually substantially lower than in the control mice. This resulted from a much lower K f * in the diabetic hearts. In the control animals, glucose infusion acutely suppressed R f * (Ϫ75%) via systemic and local cardiac effects; circulating FFA levels were lowered and K f * was reduced (Ϫ45%, P Ͻ 0.05), respectively. This reduction in K f * is particularly significant and demonstrates the operation of a powerful metabolic mechanism controlling the uptake and utilization of available FFA in the hearts of these nondiabetic animals. By contrast, in the db/db animals, glucose infusion had no apparent effect on either R f * or K f *. In the glucoseinfused state, therefore, R f * was higher in the db/db than in the control mice.
R g Ј indexes the rate of plasma glucose uptake and utilization (hexokinase-catalyzed phosphorylation), whereas K g Ј indexes the heart's ability to take up and utilize available plasma glucose. These data are presented in Fig. 6 , bottom. In the basal fasting state, despite profound hyperglycemia (and hyperinsulinemia; Table 5 ), R g Ј in db/db mice was very similar to that in normoglycemic control mice. This was due to a markedly lower K g Ј in the diabetic animals. In the control animals, glucose infusion raised R g Ј (by 60%) but not K g Ј, probably the net result of opposing influences of changes in plasma glucose and insulin levels induced by the glucose infusion. Thus, in isolation, the observed increase in insulin level in control mice (Table 5) would be expected to increase K g Ј, whereas on its own the increase in plasma glucose level would be expected to decrease K g Ј. In the db/db animals, there was no apparent alteration in either R g Ј or K g Ј in response to glucose infusion. Plasma glucose and FFA are not the only circulating fuels available to the heart; lactate and ketone bodies are cardiac substrates along with the FFA derived from hydrolysis of plasma TG. Plasma TG was low and similar across all four groups of mice. In the fasting state, diabetic mice had elevated levels of lactate and ␤-HBA compared with the nondiabetic animals. In control mice, glucose infusion raised plasma lactate concentration (ϩ63%) and suppressed ␤-HBA levels (Ϫ47%). No effects of glucose infusion were apparent on either lactate or ketone body levels in the db/db mice. CWI is the product of MAP and HR divided by heart weight (mmHg⅐bpm⅐mg Ϫ1 ). Results are expressed as means Ϯ SE; n ϭ 6 -7. †P Ͻ 0.05 vs. respective db/ϩ mice (fasted or glucose).
DISCUSSION
Cardiac metabolism of db/db mice, an animal model of type 2 diabetes, has been largely studied ex vivo (1, 3, 7) using isolated hearts perfused with fixed concentrations of glucose and palmitate in the absence of insulin and other substrates for oxidative metabolism (e.g., ketone bodies and lactate) and at standardized levels of cardiac pre-and afterload conditions. These studies have revealed an altered metabolic phenotype; FFA utilization was elevated, whereas glucose utilization was reduced in isolated perfused working db/db hearts (1, 3, 5) . It has been proposed that this altered metabolic phenotype could be a causative factor in the contractile dysfunction observed in db/db hearts (5, 34) . Therefore, it is important to establish whether a similar metabolic phenotype with increased FFA utilization is also observed with db/db mice in vivo.
In the present study, metabolism of plasma glucose and FFA by hearts of control and db/db mice has, for the first time, been studied in vivo. To achieve this, we first adapted our existing tracer methods originally developed for use in rats (25, 34) to the mouse, yielding reliable tracer kinetic data without gross disturbance to systemic cardiovascular function in this small animal (ϳ1/10th the size of a rat). [ 3 H]R-BrP is used to obtain R f * , an index of the rate of plasma FFA utilization, and [ 14 C]2-DG to obtain R g Ј , an index of the rate of plasma glucose utilization. In addition, because no details were available concerning the evaluation of cardiac FFA metabolism with [
3 H]RBrP in the mouse heart, studies of isolated control mouse hearts were made to investigate the quantitative nature of the relationship between R f * and palmitate uptake and metabolism. R f * was tightly correlated with the rate of palmitate oxidation (R fox ), with a proportionality constant equal to 0.29 (Fig. 3B) . To provide qualitative confirmation that R f * represents a valid index of R fox in vivo, a group of control mice were studied in which physiological conditions were varied between individual animals with the intention of creating a wide range in cardiac FFA oxidation rates. Indeed, this succeeded in producing an ϳ20-fold range in R f *, with the pattern of results consistent with physiological expectations (Fig. 4A) , i.e., hyperinsulinemia/hyperglycemia Ͻ fasting state Ͻ elevated cardiac work.
Our data indicate that the diabetic heart exhibits profound metabolic inflexibility with the total failure of glucose loading to alter either R g Ј or R f * (Fig. 6) . Furthermore, whole body insulin resistance together with pancreatic ␤-cell failure in these animals probably mean that insulin secretion is maximal even under basal fasting conditions. This would explain the apparent failure of the glucose challenge to further stimulate insulin secretion (Table 5 ). The current experimental design does not directly address the issue of insulin sensitivity in the heart. However, the observation that R g Ј could be stimulated to a higher level in the db/ϩ animals, despite their much lower insulin levels compared with the db/db animals, implies substantial cardiac insulin resistance in the diabetic heart. This indirect evidence is compatible with the observation of reduced insulin-stimulated glucose uptake in cardiomyocytes isolated from db/db mice (8) . The glucose metabolic insulin resistance may be dependent on the elevated plasma FFA availability in the diabetic state. Thus in nonhypertensive patients with type 2 diabetes, cardiac glucose utilization was reduced during hyperinsulinemia if circulating fatty acid levels were elevated at the time of assessment of glucose utilization (31, 50) (as they are in the db/db animals) but not if fatty acid levels were normal (47) . Moreover, enhancement of insulin-stimulated cardiac glucose utilization by rosiglitazone treatment of patients with type 2 diabetes has been associated with improved insulinmediated suppression of plasma FFA levels (18) .
By contrast with the db/db heart, the current data imply that cardiac metabolism in the nondiabetic mice (with the same genetic background as the db/db mice) exhibits a high degree of metabolic flexibility, with alteration in fuel utilization involving both systemic and local influences. Thus suppression of R f * by the glucose infusion resulted from both a reduction in circulating FFA levels (presumably a consequence of a normal level of insulin action in adipose tissue to restrain FFA mobilization) and an apparent local suppression in the FFA utilization of available FFA in the heart tissue itself (Fig. 6 ). This local mechanism is deduced from the large reduction in the K f * parameter. The current results from the db/ϩ mice are compatible with our previous findings in healthy Wistar rats (14) where physiological hyperinsulinemia induced a similar relative suppression of K f * . The K f * -lowering effect is particularly significant considering that plasma FFA lowering per se would be expected to actually increase K f * via reduced competition of the tracer with native FFA for transporters and enzymatic activation. A likely mechanistic basis for this local inhibition of FFA utilization is the so-called "reverse glucose-fatty acid cycle." That is, the increase in glucose utilization in response to glucose infusion resulted in increased cytosolic malonylCoA levels, which in turn inhibited FFA entry into mitochondria (7) . Coincident with the glucose load-induced suppression of R f * by the db/ϩ heart, R g Ј increased, an expected consequence of the observed elevations in plasma glucose and insulin levels. Thus our data indicate that the healthy mouse heart exhibits a substantial shift toward a greater reliance on plasma glucose utilization and a reduced reliance on plasma FFA oxidation in the transition from the basal fasting state induced by the glucose challenge.
On the basis of the present data, metabolic inflexibility rather than a fixed alteration in fatty acid (vs. glucose) utilization seems to best define the metabolic defect in the db/db mouse heart. Thus, despite the profound disturbances in systemic metabolism in the diabetic animals, the R f * data (Fig. 6 ) indicate that the average level of cardiac FFA oxidation is comparable to that of the normal animals. This is evidenced by the fact that R f * averaged across the basal fasting and glucoseinfused (pseudo-fed) states was very similar in the db/db (125 nmol⅐g Ϫ1 ⅐min Ϫ1 ) and db/ϩ (135 nmol⅐ g Ϫ1 ⅐min Ϫ1 ) animals. Neither was the apparent magnitude of glucose utilization profoundly influenced by diabetes; averaged over the two states, R g Ј in db/db hearts was only moderately less (by 16%) than in the control animals.
The fact that FFA utilization in the diabetic animals was apparently not elevated in the fasting state, despite their high plasma FFA levels, resulted from an apparent reduction in the capacity of cardiac tissue to clear available FFA, reflected in the lower values of K f * (Fig. 6 ). This finding of reduced in vivo cardiac FFA clearance is consistent with the results of two earlier studies of diabetic rodents, based on reductions in the cardiac deposition of radioactivity following in vivo administration of ␤-methyl-p-iodophenylpentadecanoic acid tracer to KK-A Y mice (36) and rats with chronic diabetes induced by streptozotocin (40) . We have found one study in patients with type 2 diabetes with which to compare our results. Cardiac FFA utilization was studied after an overnight fast by using myocardial kinetics of a fatty acid analog, 123 I-labeled heptadecanoate (46) . Although not statistically significant, the results were actually in qualitative agreement with the results of the present study, with patients having a tendency to have lower indexes of cardiac FFA uptake and oxidation than the control subjects.
There are probably several reasons for the apparent reduction in FFA clearance in the diabetic heart, including substrate competition, but a major factor is likely related to cardiac lipid overloading. One striking manifestation of the diabetic condition in the db/db mouse heart is a tremendous accumulation of intramyocellular lipid droplets (15) . This situation must result from a previous mismatch between fatty acid uptake and oxidation. The accumulation of lipid intermediates would, however, via feedback regulation and increased competition, be expected to eventually result in a decrease in plasma FFA clearance and a new steady-state situation where uptake and oxidation are matched (or nearly matched) in the presence of higher lipid intermediate levels. An important point that emerges from this is that a condition of lipid overload can exist in the absence of an elevation in lipid utilization.
Our previous observation that major metabolic inflexibility prevails in the cardiac tissue of obese Zucker rats (35) that are nondiabetic suggests that this condition evolves early in the pathogenesis of diabetes. We propose that metabolic inflexibility is a consequence of intracellular accumulation of metabolic products of fatty acids due to systemic hyperlipidemia, ultimately a result of obesity and adipose tissue insulin resistance. Thus accumulation of storage products of fatty acids, notably TG, in the myocardial cells tends to force continuous lipid utilization, thereby interfering with normal glucose-fatty acid fuel switching. Additionally, accumulation of other fatty acid intermediates, especially DGs and ceramides, has been implicated in the induction of glucose metabolic insulin resistance, cellular damage, and even apoptosis (5, 52) .
The apparent similarity in "average" cardiac fuel utilization between the diabetic and control animals in vivo is not evident in isolated hearts perfused with fixed concentrations of glucose and FFA. In the ex vivo situation, db/db hearts exhibit reduced glucose utilization (decreased rates of glycolysis and glucose oxidation) with corresponding increased rates of FFA oxidation (1, 3, 7) . This pattern of fuel use is also compatible with the upregulation of genes involved in fatty acid oxidation in cardiac tissue of db/db mice (6) . Differences in the metabolic environments of the ex vivo and in vivo settings may play an important role in the discrepancy between the ex vivo and in vivo results. Lactate and ketone bodies, absent from the ex vivo perfusates, are both elevated in the db/db animals and have been shown to inhibit FFA oxidation (42, 43) as well as glucose metabolism. The extent of inhibition of glucose oxidation is greater than inhibition of glycolysis and much greater than inhibition of glucose transport/phosphorylation (12) . The extreme hyperinsulinemia in the diabetic animals in vivo could also be the basis of divergence of the in vivo and ex vivo results.
Results of the present study have important implications for the interpretation of [ 3 H]R-BrP uptake by the heart. In particular, our original assumption that R f * is equally dependent on oxidative and nonoxidative disposal of FFA (34) is clearly not true. Instead, R f * appears to very selectively assess FFA oxidation in the murine myocardium but probably not in other tissues. Thus, in all noncardiac tissues examined, including diaphragm, hindlimb muscle, and liver, a strong positive correlation was observed between R f * and R fs (as illustrated in Fig.  4B for diaphragm) , in contrast to the pattern observed for the heart (Fig. 4A) . This suggests that, in noncardiac tissues, [ 3 H]R-BrP uptake is responsive to changes in FA storage as well as changes in oxidation (34) and most likely is an index of total FA uptake. The dependence of R f * on FA oxidation alone in the mouse would appear to be limited to heart muscle.
There are several possible explanations for the differential sensitivity of [ 3 H]R-BrP to oxidative vs. storage metabolism in the heart. First, one or more of the transfer or transformation processes committing FFA to these alternative pathways could have a differential selectivity for [ isoforms of long-chain acyl-CoA synthetases (ACS), as is the case in liver where ACS1 and ACS5 have been suggested to sequester FFA for acylglyceride synthesis and mitochondrial oxidation, respectively (11, 23) . A differential selectivity of the putative enzyme directing FFA to mitochondrial oxidation for analog vs. native FFA could, in turn, give rise to the observed difference in sensitivity of [ 3 H]R-BrP. Another possible explanation for the apparent insensitivity of [ 3 H]R-BrP to storage metabolism in the heart is that 3 H label entering the storage pathway is rapidly lost from this tissue, whereas that directed into oxidative metabolism is effectively trapped, e.g., as part of a ternary complex together with carnitine and carnitine palmitoyltransferase (9, 29) . Future studies will, hopefully, define the metabolic fate of [ 3 H]R-BrP. The [
14 C]P taken up by the ex vivo heart had three major fates: 1) [ 14 C]TG, 2) 14 CO 2 , and 3) 14 C product/s that partitioned into the aqueous fraction of the tissue extract. The 14 C activity of the latter product/s was both very closely correlated (with zero intercept) and of similar magnitude to the 14 C activity liberated from the heart as 14 CO 2 ( Fig. 2A) . On the basis of these observations, we concluded that this label most probably resulted from [
14 C]palmitate entering ␤-oxidation. FFA oxidation was therefore estimated on the basis of the sum of 14 CO 2 released from the heart and the 14 C activity in the aqueous fraction of the isolated heart. The identity of the aqueous 14 C product is unknown, but [ 14 C]bicarbonate was eliminated as a possible candidate by our analysis. Evidence, consistent with our own, that a substantial fraction of total [ 14 C]palmitate oxidation does not result in 14 CO 2 production has been obtained in various in vitro systems, e.g., Ref. 49 . Although significant label fixation can occur in vivo (41), our own data in the mouse heart indicates that the magnitude of this process is much greater in the ex vivo situation than in the in vivo one. This might be the result of accumulation of acetylCoA, acetylcarnitine, and citric acid cycle intermediates in the ex vivo situation.
In conclusion, methods for assessment of plasma FFA and glucose metabolism in individual tissues in vivo have been optimized for use in mice. In the diabetic mice, a severely limited cardiac metabolic flexibility implies a virtually fixed utilization of plasma glucose and FFA across the postprandial and postabsorptive situations. An important consequence of the current findings is that characterization of cardiac metabolism in metabolically disturbed states, e.g., type 2 diabetes, needs to be performed with consideration to the large shifts in fuel utilization seen in different physiological states of the metabolically flexible healthy myocardium.
